Mammalian fertilization is completed by direct interaction between sperm and egg. This process is primarily mediated by both adhesion and membrane-fusion proteins found on the gamete surface. ADAM1, 2, and 3 are members of the ADAMs protein family, and have been involved in sperm-egg binding. In this study, we demonstrate the proteolytic processing of ADAM15 during epididymal maturation of guinea pig spermatozoa to produce a mature form a size of 45 kDa. We find that the size of the mature ADAM15, 45 kDa, in cauda epididymal spermatozoa indicates that the pro-domain and metalloprotease domain are absent. In addition, using indirect immunofluorescence, ADAM15 was found throughout the acrosome, at the equatorial region and along the flagellum of guinea pig spermatozoa. After acrosome reaction, ADAM15 is lost from the acrosomal region and retained in the equatorial region and flagellum. In this study, we also report the first evidence of a complex between ADAM15 and acrogranin. By immunoprecipitation, we detected a protein band of 65 kDa which co-immunoprecipated together ADAM15. Analysis of the N-terminal sequence of this 65 kDa protein has revealed its identity as acrogranin. In addition, using cell-surface labeling, ADAM15 was found to be present on the cell surface. Assays of heterologous fertilization showed that the antibody against acrogranin inhibited the sperm-egg adhesion. Interestingly, ADAM15 and acrogranin were also found associated in two breast cancer cell lines. In conclusion, our results demonstrated that ADAM15 and acrogranin are present on and associated with the surface of guinea pig spermatozoa; besides both proteins may play a role during sperm-egg binding.
Introduction
Mammalian fertilization is the result of a set of molecular events that enable the acrosome-reacted spermatozoa to recognize, bind, and fuse with the egg membrane. In order to fertilize an egg, the mammalian spermatozoa must undergo a series of biochemical and functional changes during epididymal maturation and in the female genital tract, such as capacitation and acrosome reaction. It is known that only acrosome-reacted spermatozoa are able to recognize, bind, and fuse with the egg plasma membrane (Evans 2012) .
The sperm-egg interaction is a key step for fertilization; although unclear, this process is mediated primarily by gamete surface proteins. Therefore, in order to gain insights into sperm-egg interaction, it is essential to explore the capabilities of proteins found on the gamete surface to participate in such interaction. Some of these adhesion proteins are gamete specific and othersare more widely expressed (Rubinstein et al. 2006) . For instance, the disintegrin metalloprotease proteins ADAMs are implicated in the fertilization processes (Cho et al. 1998 , Shamsadin et al. 1999 , Nishimura et al. 2001 , Zhu et al. 2001 . ADAMs proteins consist of an N-terminal signal sequence, followed by a pro-domain, a metalloprotease domain, a disintegrin-like domain, and a cysteine-rich region. In most cases, these proteins also include an epidermal growth factor (EGF) repeat, a transmembrane domain, and a cytoplasmic tail. The heterodimer ADAM1/ADAM2, also known as fertilin a/b, which plays an important role in sperm-egg interaction during fertilization, is the best-studied of the ADAM family (Myles et al. 1994 , Evans et al. 1995 , Cho et al. 1998 , Chen et al. 1999 . Another well-studied example is ADAM15, which is expressed on the surface of a wide range of somatic cells and in mouse spermatozoa, has a role as an adhesion protein (Herren et al. 1997 , Poghosyan et al. 2002 , Pasten-Hidalgo et al. 2008 . We have recently reported that ADAM15 is expressed in mouse spermatozoa. Also, we described the posttranslational processing that ADAM15 undergoes during epididymal sperm maturation and acrosome reaction. Moreover, when the disintegrin domain of ADAM15 was used, a partial inhibition of sperm-egg fusion as well as an almost complete inhibition of sperm-oolema adhesion was found (Pasten-Hidalgo et al. 2008) .
Acrogranin, also known as progranulin, granulinepithelin precursor, PC cell-derived growth factor, and proepithelin, is a secreted growth factor of high molecular weight, implicated in cell growth, wound repair, renal cysts formation, tumorigenesis, inflammation, neurodevelopment, and neurodegeneration. Acrogranin also mediates cell cycle progression and cell motility , De Muynck & Van Damme 2011 . Acrogranin activates both the PI3K and ERK pathway, and promotes the expression of cyclin D1 and cyclin B . In addition, acrogranin has been involved in cell adhesion; antibodies against acrogranin block blastocyst adhesion whereas addition of purified acrogranin increases it (Qin et al. 2005) . It has been reported that acrogranin as a glycoprotein of 67 kDa is expressed in guinea pig spermatozoa, solely located in the acrosome region (Anakwe & Gerton 1990) . Acrogranin has also been involved in acrosome biogenesis; nevertheless, the function of acrogranin in mature sperm is still unknown.
To extend our knowledge of the role of ADAM15 in mature sperm cells, we examined the ability of ADAM15 to interact with other proteins and evaluated its participation on the sperm-egg interaction. Our results show that ADAM15 is fully processed proteolytically before the acrosome reaction takes place and that after the acrosome reaction ADAM15 is localized in the equatorial segment where it associates with acrogranin. Moreover, we find that masking acrogranin with a specific anti-acrogranin antibody severely decreases the process of fertilization. In addition, the ADAM15-acrogranin interaction was also detected in two cancer cell lines.
Materials and methods

Antibodies and reagents
Rabbit polyclonal antibody against the carboxyl terminal region of ADAM15 (ADAM15-CT) was obtained from Oncogene Research Products (Boston, MA, USA). Goat polyclonal antibodies against ADAM-15-NH 2 (V-20) and acrogranin (M-12) were purchased from Santa Cruz Biotechnology. HRP-conjugated anti-rabbit, TRITC-conjugated anti-rabbit, and TRITC-conjugated anti-goat antibodies were purchased from Jackson ImmunoResearch (West Grove, PA, USA). HRP-labeled streptavidin was obtained from Pierce (Rockford, IL, USA). Pyruvic acid, DL-dithiothreitol (DTT), trizma base, Tween-20, pepstatin, leupeptin, phenylmethylsulfonyl fluoride (PMSF), benzamidine, soybean trypsin inhibitor, and iodoacetamide were purchased from Sigma Chemical Co. Complete mini protease inhibitor cocktail and protein A-agarose were obtained from Roche. Sulfo-NHS-LC-biotin was purchased from Pierce. Nitrocellulose membrane was purchased from Bio-Rad. PVDF-blotting membranes were from Millipore Corporation (Bedford, MA, USA). Sodium lauryl sulfate (SDS) was obtained from Calbiochem (San Diego, CA, USA). ECL detection kits were from Amersham Pharmacia Biotechnology.
Animals
All animal handling procedures and experimental design were approved by the Internal Committee for the Care and Use of the Laboratory Animals, CINVESTAV-IPN (CICUAL No. 321-02), following the American Veterinary Medical Association guidelines. All efforts were made to minimize the potential for animal pain, stress, or distress.
Preparations of testicular cells and epididymal sperm
Testicular cells were isolated from adult guinea pig testes as described by Phelps & Myles (1987) . The animals were killed by CO 2 asphyxiation, and testes were quickly removed and stripped of fat pad and epididymis. The tissue was chopped into small pieces with a razor blade and the fragments were vigorously pipetted with wide bore pipette. The extract was filtered through a nylon mesh to remove connecting tissue and debris. The epididymal sperm were removed from the three epididymal regions (caput, distal corpus, and distal cauda) after dissection (Hoffer & Greenberg 1978) by expressing the spermatozoa from the epididymal tube using a wooden applicator stick. The sperm were washed twice in PBS by resuspension-centrifugation.
Sperm capacitation
The spermatozoa were obtained from the vas deferens using 154 mM NaCl (saline), and washed twice by suspensioncentrifugation in saline (non-capacitated spermatozoa) as previously described (Trejo & Mujica 1990) . For capacitation, the sperm cells were incubated for 2 h at 37 8C in minimal culture medium with pyruvate and lactate (MCM-PL:
105.1 mM NaCl, 1.7 mM CaCl 2 . 2H 2 O, 25.1 mM NaHCO 3 , 0.25 mM pyruvate, and 20 mM lactic acid of pH 7.8) (Rogers & Yanagimachi 1975 ) at a concentration of 35!10 6 cells/ml. After 2 h of incubation in MCM-PL, spontaneous acrosomereacted cells were observed, this is, spermatozoa without acrosome and with hyperactive motility.
Immunofluorescence assays
Testicular cells, epididymal sperm, non-capacitated spermatozoa, and capacitated gametes (with and without acrosome reaction) were fixed in 3.0% (v/v) formaldehyde in PBS. After 1 h, the spermatozoa were collected by centrifugation. The pelleted spermatozoa (at 600 g for 3 min) were incubated in 50 mM NH 4 Cl for 10 min, rinsed twice with PBS and once with bi-distilled water. The spermatozoa were resuspended in bi-distilled water. This suspension was spread on microscope slides and air-dried at room temperature. Then, the cells were permeabilized in absolute acetone for 7 min at K20 8C and washed with PBS. ADAM15 and acrogranin-specific antibodies were used at a dilution of 1:100 and 1:50 respectively. The sperm cells were incubated for 1 h at 37 8C with 1% BSA in PBS used as a blocking solution. The samples were washed in PBS. Next, they were incubated for 2 h at 37 8C with the appropriated TRIC-conjugated anti-rabbit or TRIC-conjugated anti-goat secondary antibodies at a 1:100 dilution in a blocking solution. After three washes with PBS, the samples on slides were mounted under cover glass slides using Gelvatol for observation and analysis under the microscope. Some samples were fixed and permeabilized after to be stained in vivo. The cells were viewed with a Zeiss photomicroscope equipped with phase-contrast and epifluorescence optics or by confocal microscopy, Leica TCS SP2.
Western blotting analysis
Testicular cells, epididymal spermatozoa and non-capacitated spermatozoa, capacitated, and acrosome-reacted sperm were collected by centrifugation at 600 g for 3 min, washed twice with PBS, and then solubilized in lysis buffer (1% NP-40 in PBS) supplemented with a set of protease inhibitors: 1 mM PMSF, 2 mg/ml leupeptin, 2 mg/ml pepstain, 50 mg/ml benzamidine, 1 mg/ml soybean trypsin inhibitor, 10 mg/ml iodoacetamide, and 30 ml/ml of a commercial mixture of the protease inhibitor H 2 Ocomplete. The samples were then incubated for 20 min on ice and centrifuged at 10 000 g for 20 min at 4 8C. The supernatants were collected and their protein concentration was determined (Bradford 1976) . For protein disulfide reduction, supernatant aliquots were boiled for 5 min in Laemmli buffer (Laemmli 1970 ) containing 720 mM 2-mercaptoethanol and then applied to SDS-PAGE gels. To determine physical interactions between DAM15 and acrogranin, we followed the method described by Blobel et al. (1990) : the supernatant samples were treated with 0.5% SDS at room temperature in Laemmli buffer without 2-mercaptoethanol and separated by SDS-PAGE. After electrophoresis, the proteins were transferred to nitrocellulose membranes, which were then blocked with 5% fat-free dry milk in TBS-Tween (10 mM Tris-HCl, 150 mM NaCl, 1.0% Tween, pH 7.5). The membranes were incubated overnight at 4 8C with anti-ADAM15-CT (1:100 dilution) or anti-ADAM15-NT (1:400 dilution). After five washes with TBS-Tween, the membranes were incubated with HRP conjugated-secondary antibodies (1:7500 dilution). Immunoreactive proteins were detected by chemiluminescence using an ECL Kit.
Cell surface labeling and immunoprecipitation analysis
The noncapacitated and acrosome-reacted spermatozoa were collected as described earlier, washed twice with PBS, resuspended in 4 ml of PBS containing 2 mg Sulfo-NHS-LC-biotin and incubated at 4 8C for 45 min. The biotinylated cell samples were then washed twice with PBS and blocked with 50 mM glycine in TBS. Afterward, the cells were resuspended in lysis buffer with protease inhibitors, incubated on ice for 20 min, and centrifuged at 10 000 g at 4 8C for 15 min. For biotinylation of total cell lysate, non-capacitated cells were lysed first in cell lysis buffer and then incubated with Sulfo-NHS-LC biotin for 45 min, and finally blocked with 50 mM glycine in TBS. The supernatants containing 500 mg of solubilized proteins were incubated overnight with anti-ADAM15 CT-1 (1 mg/ml at 4 8C under end-to-end rotation). This antibody was incubated early on with A/G protein-agarose for 30 min. The immune complexes were collected by centrifugation for 15 min at 4 8C at 10 000 g and then washed three times with 200 ml of PBS. The pelleted antibody-antigen conjugates were treated with 50 ml of Laemmli buffer and heated at 100 8C for 5 min. The samples were run in electrophoresis, transferred to nitrocellulose membranes, and probed with HRP-labeled streptavidin. Bound HRP streptavidin was detected using a chemiluminescent detection system (ECL, Amersham).
Sequence analysis of the 63 kDa protein N-terminal
The lysates of non-capacitated sperm cells were immunoprecipitated using an antibody against the ADAM15 carboxyl-domain. The immunoprecipitated material was solubilized with Laemmli buffer containing 10 mM DTT, run in 10% SDS-PAGE, and blotted onto a PVDF membrane. The NH 2 -terminal sequence of a 63 kDa protein band was determined by automated Edman degradation on a gas-phase protein sequencer (LF 3000, Beckman Instruments, Santa Clara, CA, USA) equipped with an on-line Beckman System Gold high-performance liquid chromatography system. HLPC equipment included a model 126 pump and a 168 diode array detector, set at 268 y 293 Q4 nm for signal and reference respectively. The HPLC column was a Beckman Spherogel Micro PTH (2!150 mm). Standard Beckman sequencing reagents were used for the analysis.
Superovulation and egg recovery
The eggs were obtained from the oviducts of 6 to 8-week-old female hamsters. Superovulation was induced by subcutaneous injection of 15 IU of pregnant mare's serum gonadotropin (PMSG) followed by 15 IU of human chorionic gonadotropin (hCG) 56 h later. The animals were killed 15-17 h post-hCG. The uterine ovary-salpinge-horn complexes were dissected, eggs removed from the ampulla of the oviduct, and collected in MCM-PL medium supplemented with KCl (2.7 mM) and 3% BSA (MCM-PLKA). The ampulla of each oviduct was punctured, the cumulus mass extruded and placed in 0.1% hyaluronidase in the MCM-PLKA medium for 7 min at 37 8C in order to remove cumulus cells. The cumulus-free eggs were then washed four times for 3 min each using the MCM-PLKA medium. The ZP was removed by egg being incubated in the MCM-PLKA medium containing 0.025% trypsin for 5-7 min at 37 8C. Immediately, ZP-free eggs were placed in 0.15% trypsin inhibitor for 10 min and washed three times by transfer through drops of MCM-PLKA (Sanchez-Gutierrez et al. 2002) .
IVF and assessment of sperm binding and fusion
Initially, the spermatozoa were capacitated in the presence of different dilution of the anti-acrogranin antibody (1:10 to 1:50) in the MCM-PLK medium, 30 min before co-incubation with ZP-free sperm eggs. The eggs and capacitated sperm (see above) were co-incubated in 200 ml drops (20 eggs per fertilization drop added with 10 ml of capacitated sperm) for 3 h. After gametes co-incubation, eggs were washed three times in MCM-PLK medium containing 3% BSA to remove any loosely attached sperm. The eggs were then fixed (v/v) with freshly prepared 3.0% formaldehyde in PBS for 1 h. The eggs were washed twice with PBS and then stained with Hoechst 33342 (20 mg/ml PBS) for 30 min and finally washed three to four times with PBS for 15 min each. The stained eggs were mounted on a glass slide using Gelvatol as the mounting medium. The sperm-egg binding was documented using a phase-contrast images. Fluorescence images of decondensed nuclei of spermatozoa were taken in order to define whether the sperm had been incorporated into the egg's cytoplasm.
Cell culture and lysis
The human MCF7 and MDA-MB-231 breast cancer cells were cultured using DMEM supplemented with 3.7 g/l sodium bicarbonate, 5% fetal bovine serum (FBS). They were kept at 37 8C under a humidified atmosphere containing 5% CO 2 and 95% air. When cells were confluent, the medium was eliminated by aspiration and cells were solubilized in RIPA buffer (50 mM HEPES, pH 7.4, 150 mM NaF, 10 mM sodium pyrophosphate, 10% glycerol, 1% Triton X-100, 1% sodium deoxycholate, 1.5 mM MgCl 2 , 0.1% SDS, and protease inhibitors). The cell lysates were clarified by centrifugation at 12 000 g for 10 min at 4 8C. The supernatants were transferred to fresh tubes and protein levels determined by Bradford protein assay.
Co-immunoprecipitation
Co-immunoprecipitation experiments were carried out using the Pierce Crosslink Immunoprecipitation Kit (Pierce) following the manufacturer's instructions. Briefly, 10 mg of anti-Adam15 or anti-Acrogranin antibodies were cross-linked with protein A/G plus agarose and then combined with 500 mg of precleared extracts from MCF7 and MDA-MB-231 breast cancer cells. The samples were then incubated under constant stirring for 12 h at 4 8C. The proteins bound to the respective antibodies were eluted and recovered at low speed centrifugation (i.e. 1000-3000 g). Laemmli buffer (pH 10) was added to the eluted proteins and boiled for 5 min. The proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted.
Results
Primary structure of guinea pig ADAM15 exhibits high homology with human ADAM15
To determine whether guinea pig ADAM15 exhibits similar domains to ADAM15 of different species, we compared the primary structure of ADAM15 from human, mouse, and rat to the predicted sequence of guinea pig (Supplementary Figure 1 , see section on supplementary data given at the end of this article).
We found a high homology between ADAM15 from guinea pig and human (82%), a similar degree of homology was found when human ADAM15 was compared with mouse (80%) and rat (81%) (Fig. 1) . Comparison of the predicted aminoacid sequence revealed that, as in human, ADAM15 from guinea pig as well as from rat and mouse is composed of four major domains: the pro-domain (Reprolysin domain), a metalloprotease domain (adamalysin), a disintegrin domain, and a cysteine-rich domain (Fig. 1) . All of them has a high degree of homology ( Supplementary  Figure 1) , though the cytoplasmic domain is larger in rat, and guinea pig ( Fig. 1 and Supplementary Figure 1) .
ADAM15 is present in guinea pig spermatozoa and is processed during epididymal maturation
It has been previously shown that ADAM1, ADAM2, ADAM3, ADAM15, and ADAM24 are first expressed in the sperm cell precursors as large precursors that are subsequently processed by proteolysis, either within the testis or during sperm epidiymal transit (Blobel et al. 1990 , Phelps et al. 1990 , Linder et al. 1995 , Lum & Blobel 1997 , Zhu et al. 2001 , Pasten-Hidalgo et al. 2008 . In this study, in order to determine whether ADAM15 is present in guinea pig spermatozoa as well as to define whether it is processed during epididymal sperm maturation, protein extracts from testes and sperm cells at different maturational stages were Figure 1 ADAM15 in mammals contains similar domains. Schematic representation of the structural domains of ADAM from human (Homo sapiens), guinea pig (Cavia porcellus), mouse (Mus musculus), and rat (Rattus norvegicus). Each sequence was aligned and compared with respect to human ADAM15 (see Supplementary Figure 1 ). The numbers correspond to the first amino acid that limits each domain, which were illustrated using the software DOG 2.0. It was found that the domains show a similar distribution in guinea pig, mouse, and rat compared with human ADAM15. In parenthesis is described the percentage of homology compared with human ADAM15. The black arrow indicates the site where starts the mature protein (aa 430-861).
immunoblotted against the carboxy domain of ADAM15 (ADAM15-CT). The three major bands of 110, 90, and 73 kDa as well as a 56 kDa doublet were detected in testicular cells extracts. However, in caput and corpus epididymal spermatozoa, the ADAM15 precursor (110 kDa) was detected as a residual band, whereas the other bands were well-defined. In contrast, the ADAM15-CTantibody detected only a 45-kDa band in the extracts of epididymal cauda spermatozoa ( Fig. 2A) . A densitometric image analysis of the bands confirmed that the 45 kDa is the main form of ADAM15 found in mature spermatozoa, while the others are just residual forms of ADAM15 (Fig. 2B) . In order to determine whether these changes are related to the decrease in the 110 kDa ADAM15 precursor, we used an antibody against its amino domain (ADAM15-NH 2 ) to perform immunoblotting analysis. The densitometric analysis shows that the ADAM15 precursor decreased drastically from testicular cells to cauda epididymal spermatozoa, clearly indicating that ADAM15 is processed during epididymal spermatozoa maturation ( Fig. 2C and D) .
ADAM15 localization in guinea pig spermatozoa
The localization of ADAM15 in spermatozoa was assessed by immunofluorescence using antibodies against ADAM15-CT and ADAM15-NH 2 . As can be seen in Fig. 3 , using the ADAM15-CT antibody in epididimal caput spermatozoa, ADAM15 was mainly found on the acrosome region and along the flagellum with a rather low intensity. A similar distribution was observed for epididimal corpus and cauda spermatozoa, although ADAM15 was also found within the equatorial segment (Fig. 3) . However, when the ADAM15-NH 2 antibody was used, ADAM15 could be only detected on the acrosome region in epididimal caput spermatozoa, whereas both epididimal corpus and cauda spermatozoa did not show any fluorescence label (Fig. 3) , thus corroborating the absence of the 110 kDa form of ADAM15 in mature spermatozoa. We further characterized the localization of ADAM15 in non-capacitated, capacitated, and acrosome-reacted spermatozoa using the ADAM15-CT antibody. Immunofluorescence assays showed that ADAM15 is located in the acrosome region and equatorial segment as well as along the flagellum of non-capacitated and capacitated spermatozoa (Fig. 4A) , whereas in acrosome-reacted spermatozoa, ADAM15 was lost together with the acrosome, but retained within the equatorial region and increased in the flagellar region (Fig. 4A) . As the place of contact of the spermatozoa with the egg plasma membrane for sperm-egg fusion occurs at the level of equatorial segment (Flesch & Gadella 2000) , the localization of ADAM15 in the equatorial region might be of functional significance. Experiments for the antibody specificity were performed using pre-immune serum or only the secondary antibody. In both cases no fluorescence was detected (Fig. 4A) . Considering that we have previously reported that ADAM15 is processed during both capacitation and , we wanted to determine whether in guinea pig spermatozoa ADAM15 is similarly processed too. Immunoblotting analysis showed that in all samples assayed: non-capacitated, capacitated, and acrosome-reacted spermatozoa, a single band with a Mr of 45 kDa was detected (Fig. 4B) . Therefore, these results suggest that ADAM15 is not further processed during capacitation or acrosome reaction.
ADAM15 forms a complex with acrogranin
Previous studies have demonstrated that ADAMs have the ability to interact with other proteins to carry out their functions (White 2003) . For instance, fertilin is a heterodimer composed by fertilins a (ADAM1) and b (ADAM2). To investigate whether ADAM15 physically interacts with other proteins, ADAM15 was analyzed under non-reducing conditions. Immunoblots using the ADAM15-CT antibody and nonreduced protein extracts from non-capacitated, capacitated, and acrosomereacted sperm revealed only a band with a Mr of 154 kDa (Fig. 5) . As this band is not detected under disulfide reduction with b-mercaptoethanol (Fig. 4B ), this result indicates that ADAM15 is in the form of a high molecular weight complex via disulfide bonds. It has been already shown that ADAM15 is part of a complex on the cell surface in MDA-MB-468 mammary epithelial carcinoma cells; however, its protein partner has not yet been identified (Krätzschmar et al. 1996) . In this study, to determine the protein ADAM15 interaction with acrogranin, sperm surface proteins were biotinylated in vivo, solubilized, and then immunoprecipitated using the ADAM15-CT antibody. Three major bands of 45, 57, and 65 kDa were detected in non-capacitated and acrosome-reacted spermatozoa when streptavidin-HRP was used (Fig. 6A) . The 45 kDa band was identified as ADAM15 by immunoblotting using ADAM15-CT antibody (Fig. 6B) , whereas the two others were subjected to Edman degradation for further identification. The N-terminal sequence for the 65 kDa protein was deduced as IRCPDDQVCPVACCP (Table 1) . When compared with automate databases, it was identified as guinea pig acrogranin (Table 1) . Then, in order to corroborate this, we performed western blotting assays against acrogranin, a single band of 65 kDa could be detected in both non-capacitated and acrosome-reacted spermatozoa (Fig. 6C) . Furthermore, western blotting analysis of immunoprecipitated proteins with the antiacrogranin antibody showed a single 45 kDa band, which was revealed when the ADAM15-CT antibody was used (Fig. 6D) . Conversely, western blotting analysis of immunoprecipitated proteins with the anti-ADAM15-CT showed a protein band of 65 kDa that was recognized by the anti-acrogranin antibody (Fig. 6E) . Thus, ADAM15 and acrogranin are associated with non-capacitated and acrosome-reacted spermatozoa. Finally, to corroborate that ADAM15 and acrogranin form a complex, acrogranin was immunoprecipitated, and the proteins obtained were resolved by SDS-PAGE under no-reducing conditions. Western blotting analysis using the ADAM15-CT antibody shows a protein band with a Mr of 154 kDa (Fig. 6F) , identical to the protein band observed when ADAM15 was analyzed under no-reducing conditions (Figs 5 and 6F). To control for the specificity of the antibody used for immunoprecipitation, a nonrelated antibody (anti-tubulin) was used to immunoprecipitate biotinylated proteins instead of ADAM15-CT. As expected, no bands were detected by streptavidin-HRP or anti-acrogranin and anti-ADAM15 antibodies (data not shown).
Acrogranin is present on the surface of spermatozoa and participates in fertilization
It has been previously shown, by indirect immunofluorescence in permeabilized spermatozoa, that acrogranin is present in the acrosomal compartment of guinea pig spermatozoa (Anakwe & Gerton 1990) . In this study, we evaluated whether acrogranin is located on the surface of guinea pig spermatozoa. Living and swimming capacitated and acrosome-reacted spermatozoa were immunostained against acrogranin and analyzed by confocal microscopy. Optical sections at the mid-level of sperm cells showed fluorescence around the acrosome region, which corresponds to the cell plasma membrane (Fig. 7A) . Nonetheless, when fixed and permeabilized spermatozoa were used, acrogranin was revealed inside the whole acrosome as previously reported (Anakwe & Gerton 1990) , as well as in whole flagellum (Fig. 7B) . In living and swimming acrosomereacted spermatozoa, acrogranin was found mainly on the equatorial region and along the flagellum (Fig. 7C) . These results indicate that acrogranin is present on the surface of acrosome and equatorial region of guinea pig spermatozoa, similar regions where ADAM15 was detected (Fig. 4) . The observation of acrogranin on the cell surface and its interaction with ADAM15 in acrosome-reacted sperm raise the possibility that acrogranin has a role during fertilization. To determine whether acrogranin is involved in sperm-egg binding, the antibody against acrogranin was used to compete for the interaction between capacitated sperm and zona pellucida-free eggs. As can be seen in Fig. 8 , the acrogranin antibody decreased the sperm binding to zona pellucida-free eggs, in a dose-dependent manner. The sperm-egg interaction was decreased by 50% when a 1:10 antibody dilution was used. To control for the specificity of the antibody, the competitive binding assay was performed using an unrelated antibody. The results show a similar rate of fertilization between the control no treated with any antibody (Fig. 8, Cnt-1 Figure 6 ADAM15 physically associates with acrogranin on the sperm cell surface. The surface of non-capacitated (NC) and acrosomereacted (AR) spermatozoa was biotinylated for 45 min. The cells were then lysed and solubilized proteins immunoprecipitated using the ADAM15-CT antibody. Immunoprecipitates were blotted onto nitrocellulose membranes and revealed with (A) HRP-labeled streptavidin, (B) anti-ADAM15, or (C) anti-acrogranin. The physical interaction between ADAM15 and acrogranin was confirmed by co-immunoprecipitation. Solubilized proteins from non-capacitated and acrosome-reacted spermatozoa were immunoprecipitated with the acrogranin (D) or ADAM15-CT (E) antibody and then blotted onto nitrocellulose membranes. Immunoprecipitates were revealed using the ADAM15-CT (D) or the acrogranin (E) antibody. To determine whether form a complex of 154 kDa, solubilized proteins from noncapacitated (NC) spermatozoa were immunoprecipitated with the anti-acrogranin antibody, resolved under nonreductive condition, and reduced SDS concentration (0.5%), blotted onto nitrocellulose membranes and revealed with anti-ADAM15-CT (F). Cntl, control of solubilized proteins resolved under nonreductive conditions, not immunoprecipitated. Images are representative of at least three independent experiments. Alignment of the amino acid sequence of the 63 kDa band. The first 15 amino acids were identified: IRCPDDQVCPVACCP. A search of this sequence on automated protein databases revealed a high degree of similarity (ranging between 83 and 100% identities) to the corresponding sequences of acrogranin from different species.
ADAM15-acrogranin complex in spermatozoa
with an unrelated antibody (Fig. 8, Cnt-2) . We thus conclude that the acrogranin associated with ADAM15, on the sperm plasma membrane, participates in the sperm-egg interaction.
The ADAM15-acrogranin complex is also present in mammary epithelial carcinoma cells
In light of our results as well as the previously reported participation of ADAM15 in fertilization (Pasten-Hidalgo et al. 2008 ) and the involvement of both proteins in cell adhesion and migration in different cancer line cells , Lendeckel et al. 2005 , Kuefer et al. 2006 ), a possible role for the ADAM15-acrogranin complex in cell adhesion processes can be inferred. To test the possibility that ADAM15 and acrogranin interacts with each other in cancer cell lines, the expression of both ADAM15 and acrogranin was first evaluated by western blotting in two different breast cancer cell lines, MDA-MB-231 and MCF7. The antibody against ADAM15 detected a single protein band of 110 kDa in both cancer cell lines (Fig. 9A) , which corresponds to the molecular weight reported for the unprocessed ADAM15 (Krätzschmar et al. 1996) . On the other hand, acrogranin was detected in both cell lines as a band of w90 kDa (Fig. 9A) , this molecular weight corresponds to the highly glycosylated form of acrogranin, which is found in different cancer cell lines (Zhou et al. 1993 . We next evaluated whether ADAM15 and acrogranin are associated in a complex in these two cancer cell lines. Using co-immunoprecipitation assays, we found that acrogranin indeed physically interacts with ADAM15. When acrogranin was immunoprecipitated, ADAM15 could be detected by western blotting, and vice versa (Fig. 9B ).
Discussion
In mouse spermatozoa, ADAM15 is processed through the course of epididymal maturation and during 
P<0.002
Figure 8 Fertilization is interfered using an anti-acrogranin antibody. Capacitated spermatozoa previously treated with anti-acrogranin antibody for 30 min at different dilutions were incubated for 3 h with ZP-free hamster eggs and the incorporation of spermatozoa into egg's cytoplasm evaluated. Cnt1, control with any antibody added. Cnt2, control where spermatozoa were incubated with a nonrelated antibody (1:10). Graph represents the average of four experiments per sample GS.E.M., a total of 80 eggs were fertilized per sample. acrosome reaction. The N-terminal domain of ADAM15 is removed stepwise in a process starting while still in the testis, continues during epididymal transit, and finishes during acrosomal reaction in the female reproductive tract (Pasten-Hidalgo et al. 2008) . However, although a similar stepwise removal of the N-terminal domain takes place in guinea pig spermatozoa, herein we show that by the time spermatozoa go through cauda epididymis, the processing of ADAM15 has already been completed; therefore the ADAM15 carried by the spermatozoa reaching the female reproductive tract is the 45 kDa mature form. A similar maturation process in spermatozoa before reaching female reproductive tract has already been reported for fertilin-a (ADAM1) (Lum & Blobel 1997) . The biological significance of the differences in the processing of ADAM15 among species is currently unknown. However, because only traces of the others forms of ADAM15 were detected once the 45 kDa form appears, a plausible explanation is that in guinea pig the protease responsible for the processing is already present in testicular cells and secreted by epididydimal cells, whereas in mouse it is absent. Therefore, ADAM15 is kept as a 75 kDa form in mouse spermatozoa until capacitation and processed during acrosome reaction (Pasten-Hidalgo et al. 2008) . Because partial proteolytic digestion performed with trypsin on testicular spermatozoa converts ADAM2 precursor into a form that resembles mature ADAM2, and because during acrosome reaction, serin endoproteases with trypsin-like activity are secreted (Mao & Yang 2013) , it is possible that a trypsin-like protease is involved in the processing of ADAM15 (Blobel et al. 1990 , Lum & Blobel 1997 .
The comparison of the predicted sequence of guinea pig ADAM15 with that of human, mouse, and rat clearly shows that the full (unprocessed) form of ADAM15 from guinea pig has the same multifunctional domains similar to that in human, mouse, and rat ( Supplementary  Figure 1) . However, after the last auto proteolytic step, the mature form of ADAM15 (45 kDa) is composed of the disintegrin, the cysteine-rich, the EGF-like, and the cytoplasmic domains (Fig. 1) . The presence of the cysteine-rich region is relevant for the interaction of ADAM15 with acrogranin, because the later is composed of 7.5 tandem repeats of 12 cysteinyl motif (De Muynck & Van Damme 2011) , allowing both proteins to interact with each other through disulfide bonds. More studies are required to know the specific sites of interaction.
Acrogranin was originally identified as a secreted protein of 68 kDa that because its high level of glycosylation behaved as a 90 kDa protein . Interestingly, acrogranin has already been reported as a protein of 68 kDa in guinea pig spermatozoa (Anakwe & Gerton 1990) . In this study, acrogranin was detected using a similar Mr of 65 kDa. Considering that glycosilation increases the molecular weight of acrogranin, it is very likely that the principal form of acrogranin in guinea pig spermatozoa is the nonglycosylated form.
Once spermatozoa leave the testis and enter the epididymis, they begin the maturation process. It continues along the epididymis and finishes within the female reproductive tract, where they undergo capacitation and acrosomal reaction. Remarkably, despite all the remodeling of the plasma membrane occurring through this maturation process (Tulsiani & Abou-Haila 2011) , in this study we show that after the acrosome reaction took place, both ADAM15 and acrogranin remain localized on the equatorial segment. Given the sperm-egg interaction takes place at the level of the equatorial segment of spermatozoa (Flesch & Gadella 2000) , our findings that ADAM15 and acrogranin physically interact in a protein complex in guinea pig spermatozoa (Fig. 5) and that the sperm-egg interaction is interfered with an antibody against acrogranin (Fig. 7) , or with a peptide against the small putative regions of desintegrin domain of ADAM15 (Pasten-Hidalgo et al. 2008) , support the idea that the ADAM15/acrogranin complex might be important as a mediator of gamete interaction during fertilization. Moreover, our results suggest that acrogranin might be an accessory protein of ADAM15 that participates in cell adhesion, this is supported by the fact that, besides spermatozoa, the ADAM15/Acrogranin complex is also present in two breast cancer cell lines (Fig. 9) , and by the fact that blastocyst adhesion is blocked by antibodies against acrogranin whereas addition of purified acrogranin increases their adhesion (Qin et al. 2005) . Considering that acrogranin lacks a transmembrane region, we suggest that one of the functions of ADAM15 in the complex is to serve as an anchor for acrogranin on the sperm surface. Such interaction may occur through a disulfide bond between the sulfhydryl-rich domain of ADAM15 and the cysteinerich motif of acrogranin, in a similar way than reported for molecules involved in viral fusion proteins (White 1992 , White et al. 2008 . Overall, our results favor the idea that ADAM15 and acrogranin play a pivotal role in fertilization. In view of the similitude of ADAM15 between guinea pig and mouse, we suggest that in guinea pig ADAM15 might be also involved in spermegg binding as in mice. We are presently carrying out homolog fertilization experiments to demonstrate that ADAM15 together with acrogranin participate in the sperm-egg binding process. However, those results will be presented in another report. The distribution of sperm surface antigens during capacitation and acrosome reaction has been well documented for proteins such as IZUMO1 (Sosnik et al. 2009 ), CRISP1 (Da Ros et al. 2004) , and PH20 (Myles & Primakoff 1984) , these proteins migrate after capacitation changing their localization. In a previous work, we have also shown that ADAM15 migrate from acrosome to the post-acrosomal region of mouse sperm before acrosome reaction (Pasten-Hidalgo et al. 2008) . Despite the importance of these proteins in sperm-egg interaction, little is known about the significance and the molecular regulation of this migration event. One explanation comes from the relocation of IZUMO1; its migration is dependent on the actin cytoskeleton and testis-specific serine kinase (Tssk) (Sosnik et al. 2009 ). However, actin binding domains or actin-adaptor proteins that link IZUMO1 or ADAM15, CRISP1, and PH20 with the actin cytoskeleton have not been reported for these proteins. Therefore, we hypothesized that the cytoskeleton acts as a barrier that prevent proteins migration before capacitation or acrosome reaction, and that the intricate actin depolymerization and polymerization movements described in the sperm head during capacitation (Brener et al. 2003 , Dvorakova et al. 2005 release the proteins allowing their migration. It is important to note that ADAM15, IZUMO1, PH20, and CRISP1 are located in a sperm plasma membrane domain different to the domains where they act during fertilization (Myles & Primakoff 1984 , Da Ros et al. 2004 , Pasten-Hidalgo et al. 2008 , Sosnik et al. 2009 ). The migration of these proteins matches both the change in the functional state of the sperm and the changes in these membrane domains. For example, one hallmark of capacitation is the reorientation of lipid rafts toward the apical acrosome region, this change is relevant for ZP-binding and ZP-induced acrosome reaction (van Gestel et al. 2005 , Boerke et al. 2008 and that may facilitate protein migration and the activation of ADAM15, IZUMO1, CRISP1, and PH20. It is very likely that changes in both actin cytoskeleton and lipid rafts domains regulate the protein migration in sperm.
It is important to note that acrogranin is a secreted autocrine growth factor. It has been found to interact on the outer surface of plasma membrane of 3T3 fibroblast and epithelial PC cells as a ligand for an unknown 120 kDa protein receptor (Xia & Serrero 1998) . In our co-immunoprecipitation assays, using the breast cancer cell lines MCF7 and MDA-MB-231, was found that ADAM15 (110 kDa) physically interacts with acrogranin, therefore we suggest that ADAM15 could be the 120 kDa protein associated with acrogranin in epithelial cell and fibroblast (Xia & Serrero 1998) . Also, we suggest that acrogranin could be the protein associated with ADAM15 on the surface of the breast cancer cell line MDA-MB-468 (Krätzschmar et al. 1996) . The wide expression of ADAM15 and acrogranin in tissues and cells (Edwards et al. 2008 , De Muynck & Van Damme 2011 suggests that the ADAM15-acrogranin complex may be of broad significance in many biological processes besides fertilization, like for instance, development and cancer. ADAM15 and acrogranin have been related to cell adhesion exerting apoptosis resistance and survival effects on different cell lines (He et al. 2002 , Guerra et al. 2007 , Ryan et al. 2009 , Bö hm et al. 2010 , Cuevas-Antonio et al. 2010 , Rosen et al. 2011 , Hou et al. 2013 . These effects could be related to the modulation of focal adhesion kinase signaling through activation of Src (Fried et al. 2012 , Bö hm et al. 2013 as well as the formation of a complex involving paxillin, FAK, and ERK (He et al. 2002 , Monami et al. 2006 , Ryan et al. 2009 ). Remarkably, a recent report has suggested the presence of phosphorylated FAK in horse spermatozoa (Gonzalez-Fernandez et al. 2013) and findings in our laboratory has indicated an increase in the phosphorylation of FAK and paxillin during sperm capacitation (data not shown).
In conclusion, our work shows that ADAM15 physically interacts with acrogranin and that this interaction has a biological meaning in fertilization. Acrogranin is a multifunctional protein, which has been found to be involved in cell growth, wound repair, tumorigenesis, inflammation, neurodevelopment, and neurodegeneration, and since ADAM15 is also involved in several of these biological processes, raising an interesting interrogation about what is the biological importance of the complex form by ADAM15/acrogranin. The mechanism of action of acrogranin is still largely unknown, especially in mammalian spermatozoa; however, its interaction with ADAM15 could give new understanding of the biology of this protein and impact several areas of research, such as capacitation, fertilization, or cell migration.
